RIG-I is a cytosolic sensor critically involved in the activation of the innate immune response to RNA virus infection. In the present study, we evaluated the inhibitory effect of a RIG-I agonist on the replication of two emerging arthropod-borne viral pathogens, dengue virus (DENV) and chikungunya virus (CHIKV), for which no therapeutic options currently exist. We demonstrate that when a low, noncytotoxic dose of an optimized 5=triphosphorylated RNA (5=pppRNA) molecule was administered, RIG-I stimulation generated a robust antiviral response against these two viruses. Strikingly, 5=pppRNA treatment before or after challenge with DENV or CHIKV provided protection against infection. In primary human monocytes and monocyte-derived dendritic cells, the RIG-I agonist blocked both primary infection and antibody-dependent enhancement of DENV infection. The protective response against DENV and CHIKV induced by 5=pppRNA was dependent on an intact RIG-I/MAVS/TBK1/IRF3 axis and was largely independent of the type I IFN response. Altogether, this in vitro analysis of the antiviral efficacy of 5=pppRNA highlights the therapeutic potential of RIG-I agonists against emerging viruses such as DENV and CHIKV.
D
uring infection, viral nucleic acids are the main pathogenassociated molecular patterns (PAMPs) recognized by the innate immune system (1) . Sensing of PAMPs results in the control of the first waves of viral infection through the production of antiviral effector molecules and contributes to the mobilization of the adaptive arm of the immune response (2) (3) (4) . Double-stranded RNA (dsRNA), generated during the replicative cycle of many viruses, is sensed by receptors such as Toll-like receptor 3 (TLR3) and different members of the RIG-I-like receptor (RLR) family, including RIG-I (retinoic acid-inducible gene I), MDA5 (melanoma differentiation factor 5), and LGP-2 (laboratory of genetics and physiology-2). RIG-I and MDA5 consist of two N-terminal caspase activation and recruitment domains (CARD), a DExD/Hbox RNA helicase-sensing domain, and a C-terminal regulatory domain (RD).
LGP-2 contains the RNA helicase-sensing domain and the RD but lacks the CARD (4) (5) (6) (7) (8) .
Viral RNA extracted from infected cells has been shown to potently activate RIG-I (9, 10). Chemically or enzymatically synthesized dsRNA molecules bearing an exposed 5=-triphosphate end (5=ppp) were first identified as RIG-I inducers (11, 12) , with the presence of the 5=ppp moiety being essential for RIG-I activation. Further characterization of a potent RIG-I ligand demonstrated that the presence of a blunt base pairing at the 5= end, as well as a minimum length of 20 nucleotides, were essential for optimal RIG-I recognition of the molecule (11, 12) . While short dsRNAs bearing a 5=ppp end are preferentially recognized by RIG-I, long dsRNA lacking the triphosphate moiety, such as poly(I·C), are recognized by TLR3 and MDA5 (13) . More recently, a SELEX technology identified RNA aptamers that specifically target the RIG-I protein. The selected aptamers contained poly(U) motifs that were crucial for RIG-I activation of the immune response but, unexpectedly, activated RIG-I in a 5=-triphosphate-independent manner (14) .
Binding of 5=ppp dsRNA to RIG-I leads to a conformational alteration, resulting in dissociation of the CARD from the helicase domain and exposure of the CARD (15, 16) . This conformational change results in the generation of an active state characterized by ATP hydrolysis and ATP-driven translocation of RNA along the RIG-I molecule (15) (16) (17) (18) . RIG-I first forms a small binding unit upon recognition of the 5=ppp dsRNA, which occurs independently of ATP binding (19) . In a second step, RIG-I oligomerizes on the 5=ppp dsRNA in an ATP hydrolysis-dependent manner, and the length of dsRNA dictates the strength of the type I interferon (IFN) response (19) . Activated RIG-I is then able to interact with its mitochondrial adaptor MAVS via a CARD-CARD interaction. MAVS triggers the activation of IRF3, IRF7, and NF-B through the IKK-related kinases TBK1 and IKKε, leading to the induction of type I IFN (IFN-␤ and IFN-␣), proinflammatory cytokines, and selected antiviral genes, such as IFN-stimulated gene 15 (ISG15), ISG54, and ISG56 (20) . Expansion of the antiviral response is then driven by the binding of type I IFN on its receptor, which activates the induction of hundreds of ISGs through the JAK-STAT pathway (3, 4, (21) (22) (23) (24) .
Given the importance of the innate immune response for host survival, TLR and RLR agonists have been the subject of intense study. Treatment with agonists of TLRs 2, 3, 4, 5, 7, and 9 inhibited hepatitis B virus as well as herpes simplex virus-2 replication in a type I IFN-dependent manner (25) (26) (27) . Furthermore, pretreatment of cells with poly(I·C) also inhibited the replication of hepatitis C virus (HCV), human immunodeficiency virus (HIV), influenza virus, respiratory syncytial virus (RSV), DENV, and CHIKV (28) (29) (30) (31) (32) (33) (34) . More recently, an RNA-based agonist of RIG-I was shown to block the replication of multiple viruses, including influenza virus, HIV, HCV, vesicular stomatitis virus (VSV), and vaccinia virus in vitro, as well as influenza virus in vivo (35) . This broad-spectrum antiviral activity was in part attributed to the potent and specific stimulation of antiviral and inflammatory genes through IRF3/7, STAT1, and NF-B transcription factors (35) .
DENV and CHIKV are arthropod-borne viruses belonging to the Flavivirus and Alphavirus genera, respectively. Illness caused by CHIKV is usually diagnosed based on febrile symptoms and arthralgia and is often confused with dengue fever, given the similarities in clinical signs. CHIKV causes a severe arthralgia that may persist for many months but is not associated with the hemorrhagic fever that develops in a small proportion of severe dengue cases. Most DENV infections are asymptomatic or cause a selflimiting dengue fever, while a small proportion of infections leads to severe and potentially lethal manifestations, such as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which are associated with antibody-dependent enhanced infections (36) (37) (38) . Dengue fever, with millions of cases reported each year (36, 37) , is already a leading infectious disease in tropical areas, while chikungunya fever is a lesser-known disease also affecting the same subtropical regions of the world. After a 50-year period of relative quiescence (39) , CHIKV has reemerged with millions of estimated cases since 2005 (40, 41) . The dramatic geographic expansion and increased incidence of DENV infections, as well as the emergence of CHIKV strains with an increased epidemic potential, highlight the increased burden of both viruses in tropical regions. The current lack of vaccines and effective antivirals stresses the importance of investigating new strategies to combat these serious human pathogens. Ideally, such strategies should target both viruses, as they cause similar symptoms, have an overlapping geographic distribution, and occur in regions in which the capacity to perform (differential) diagnosis is often limited.
The present study describes the protective innate immune response against DENV and CHIKV infection triggered by a wellcharacterized 5= triphosphorylated RIG-I agonist. The current study demonstrates that treatment with 5=pppRNA triggers a protective antiviral response sufficient to prevent DENV and CHIKV infection in both immune and nonimmune cells. The protective antiviral response was largely independent of the IFN-␣/␤ receptor (IFNAR)/STAT1 axis but dependent on an intact RIG-I/ MAVS/TBK1/IRF3 axis.
MATERIALS AND METHODS
In vitro synthesis of 5=pppRNA. The sequence of 5=pppRNA was derived from the 5= and 3= untranslated regions (UTR) of the VSV genome as previously described (15) . In vitro-transcribed RNA was prepared as previously described (35) . Briefly, RNA was prepared using the Ambion MEGAscript T7 kit according to the manufacturer's guidelines (Invitrogen, NY, USA). 5=pppRNA was purified using the Qiagen miRNA minikit (Qiagen, Valencia, CA). An RNA with the same sequence but lacking the 5=ppp moiety was purchased from IDT (Integrated DNA Technologies Inc., IA, USA). This RNA generated results identical to those obtained with 5=pppRNA that was dephosphorylated enzymatically with calf intestinal alkaline phosphatase (Invitrogen, NY, USA).
Cell culture and transfections. A549 cells were grown in F12K medium (ATCC, Manassas, VA) supplemented with 10% fetal bovine serum (FBS) and antibiotics. C6/36 insect cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS and antibiotics. Lipofectamine RNAiMax (Invitrogen, NY, USA) was used for transfections of 5=pppRNA in A549 cells according to the manufacturer's instructions. For short interfering RNA (siRNA) knockdown, A549 cells were transfected with 50 nM (30 pmol) human RIG-I (sc-6180), IFN-␣/␤R ␣ chain (sc-35637) and ␤ chain (sc-40091), STING (sc-92042), TLR3 (sc-36685), MDA5 (sc-61010), MAVS (sc-75755), interleukin-28R (IL-28R; sc-62497), IL-10R␤ (sc-75331), STAT1 p844/91 (sc-44123), IRF1 (sc-35706), IRF3 (sc-35710), IRF7 (sc-38011), and control siRNA (sc-37007) (Santa Cruz Biotechnology, Dallas, T) using Lipofectamine RNAiMax according to the manufacturer's guidelines.
MRC-5 cells (ATCC CCL-171) were grown in Earle's minimum essential medium (EMEM) supplemented with 10% FBS, 2 mM L-glutamine, 1% nonessential amino acids (PAA), and antibiotics. For siRNAmediated knockdown of gene expression, MRC-5 cells were transfected with 16.7 nM (10 pmol) siRNA using Dharmafect1 (Dharmacon) according to the manufacturer's guidelines.
Mouse embryonic fibroblast cells (MEFs) were grown in DMEM with 10% FBS and antibiotics.
Primary cell isolation. Human peripheral blood mononuclear cells (PBMC) were isolated from the blood of healthy volunteers in a study approved by the institutional review board and by the VGTI-FL Institutional Biosafety Committee (2011-6-JH1). Written informed consent, approved by the VGTI-FL Inc. ethics review board (FWA number 161), was provided and signed by study participants. Research conformed to ethical guidelines established by the ethics committee of the OHSU VGTI and Martin Health System. Briefly, PBMC were isolated from freshly collected blood using Ficoll-Paque plus medium (GE Healthcare Bio, Uppsala, Sweden) per the manufacturer's instructions. Monocytes were then isolated using the negative selection human monocyte enrichment kit (Stem Cell, Vancouver, Canada) per the kit's instructions and used for further experiments. To obtain monocyte-derived dendritic cells (MDDC), monocytes were allowed to adhere to 100-mm dishes for 1 h in serum-free RPMI at 37°C. After adherence, remaining platelets and nonadherent cells were removed by two washes with serum-free RPMI. The cells were differentiated into MDDC by culturing for 7 days in MDDC differentiation medium (Miltenyi Biotec, Auburn, GA). Medium was replenished after 3 days of differentiation.
Virus production, quantification, and infection. Confluent monolayers of C6/36 insect cells were infected with DENV serotype 2 strain New Guinea C (DENV NGC) at a multiplicity of infection (MOI) of 0.5. Virus was allowed to adsorb for 1 h at 28°C in a minimal volume of serum-free DMEM. After adsorption, the monolayer was washed once with serumfree medium and covered with DMEM containing 2% FBS. After 7 days of infection, medium was harvested, cleared by centrifugation (500 ϫ g, 5 min), and concentrated down by centrifugation (2,000 ϫ g, 8 min) through a 15-ml Millipore Amicon centrifugal filter unit (Millipore, Billerica, MA). The virus was concentrated by ultracentrifugation on a sucrose density gradient (20% sucrose cushion) using a Sorvall WX 100 ultracentrifuge (ThermoScientific, Rockford, IL) for 2 h at 134,000 ϫ g and 10°C with the brake turned off. Concentrated virus was then washed to remove sucrose using a 15-ml Amicon tube. After 2 washes, the virus was resuspended in DMEM plus 0.1% bovine serum albumin (BSA) and stored at Ϫ80°C. Titers of DENV stocks were determined by fluorescenceactivated cell sorting (FACS), infecting Vero cells with 10-fold serial dilutions of the stock, and then immunofluorescence staining of intracellular DENV E protein at 24 h postinfection (p.i.). Titers were expressed as IU/ml. DENV titers in cell culture supernatants from 5=ppp-treated and control cells were determined by plaque assay on confluent Vero cells. Cells in 6-well clusters were incubated with 10-fold serial dilutions of the sample in a total volume of 500 l of DMEM without serum. After 1 h of infection, the inoculum was removed and cells were overlaid with 3 ml of 2% agarose in complete DMEM. The cells were fixed and stained, and plaques were counted 5 days postinfection.
In infection experiments, A549 cells, monocytes, or MDDC were infected in a small volume of medium without FBS for 1 h at 37°C and then incubated with complete medium for 24 to 72 h prior to analysis. All procedures with live DENV were performed in a biosafety level 2ϩ facility at the Vaccine and Gene Therapy Institute-Florida.
CHIKV strain LS3 and enhanced green fluorescent protein (EGFP)-expressing reporter virus CHIKV LS3-GFP have been described (42) . Virus production, titration, and infection were performed essentially as described previously (42) . Working stocks of CHIKV were routinely produced in Vero E6 cells at 37°C, and infections were performed in EMEM with 25 mM HEPES (Lonza) supplemented with 2% fetal calf serum (FCS), L-glutamine, and antibiotics. After 1 h, the inoculum was replaced with fresh culture medium. All procedures with live CHIKV were performed in a biosafety level 3 facility at the Leiden University Medical Center.
Flow cytometry analysis. The percentage of cells infected with DENV was determined by standard intracellular staining (ICS) with a mouse IgG2a monoclonal antibody (MAb) specific for DENV-E protein (clone 4G2), followed by staining with a secondary anti-mouse antibody coupled to phycoerythrin (PE) (BioLegend, San Diego, CA). Cells were analyzed on an LSRII flow cytometer (Becton, Dickinson, New Jersey, USA). Calculations as well as population analyses were done using FACS Diva software.
Cell viability analysis. Cell surface expression of phosphatidylserine was measured using an allophycocyanin (APC)-conjugated annexin V antibody, as recommended by the manufacturer (BioLegend, San Diego, CA). Briefly, specific annexin V binding was achieved by incubating A549 cells in annexin V binding buffer (Becton, Dickinson, NJ, USA) containing a saturating concentration of APC-annexin V antibody and 7-aminoactinomycin D (7-AAD) (Becton, Dickinson, New Jersey, USA) for 15 min in the dark. APC-annexin V and 7-AAD binding to the cells was analyzed by flow cytometry, as described previously, using an LSRII flow cytometer and FACS Diva software. Alternatively, the viability of siRNAor 5=pppRNA-transfected cells was assessed using the CellTiter 96 aqueous nonradioactive cell proliferation assay (Promega). Absorbance was measured using a Berthold Mithras LB 940 96-well plate reader.
Protein extraction and immunoblot analysis. DENV-infected cells were washed twice in ice-cold phosphate-buffered saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 8, 1% sodium deoxycholate, 1% NP-40, 5 mM EDTA, 150 mM NaCl, 0.1% sodium dodecyl sulfate), and the insoluble fraction was removed by centrifugation at 17,000 ϫ g for 15 min (4°C). Protein concentration was determined using the Pierce bicinchoninic (BCA) protein assay kit (Thermo Scientific, Rockford, IL). Protein extracts were resolved by SDS-PAGE on 4 to 20% acrylamide Mini-Protean TGX precast gels (Bio-Rad, Hercules, CA) in a 1ϫ Tris-glycine-SDS buffer (Bio-Rad, Hercules, CA). Proteins were electrophoretically transferred to an Immobilon-P SQ polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA) for 1 h at 100 V in a buffer containing 30 mM Tris, 200 mM glycine, and 20% methanol. Membranes were blocked for 1 h at room temperature in Odyssey blocking buffer (Odyssey, USA) and then probed with the following primary antibodies: anti-IRF1 (Santa Cruz Biotechnology, Dallas, TX), anti-pIRF3 at Ser 396 (EMD Millipore, MA, USA), anti-IRF3 (IBL, Japan), anti-IRF7 (Cell Signaling, MA, USA), anti-RIG-I (EMD Millipore, MA, USA), anti-IFIT1 (Thermo Fisher Scientific, Rockford, IL, USA), anti-ISG15 (Cell Signaling Technology, Danvers, MA), anti-pSTAT1 at Tyr701 (Cell Signaling, MA, USA), anti-STAT1 (Cell Signaling, MA, USA), anti-STING (Novus Biologicals, Littleton, CO), anti-DENV (Santa Cruz Biotechnology, USA), and anti-␤-actin (Odyssey, USA). Antibody signals were detected by immunofluorescence using the IRDye 800CW and IRDye 680RD secondary antibodies (Odyssey, USA) and the LiCor imager (Odyssey, USA). Protein expression levels were determined and normalized to ␤-actin using ImageJ software (National Institutes of Health, Bethesda, MD).
CHIKV-infected cells were lysed and proteins were analyzed by Western blotting as described previously (42) . CHIKV proteins were detected with rabbit antisera against nsP1 (a generous gift of Andres Merits, University of Tartu, Estonia) and E2 (43) . Mouse monoclonal antibodies against ␤-actin (Sigma), the transferrin receptor (Zymed), cyclophilin A (Abcam), and cyclophilin B (Abcam) were used for detection of loading controls. Biotin-conjugated swine ␣-rabbit (Dako), goat ␣-mouse (Dako), and Cy3-conjugated mouse ␣-biotin (Jackson) were used for fluorescent detection of the primary antibodies with a Typhoon-9410 scanner (GE Healthcare).
RT-qPCR. Total RNA was isolated from cells using an RNeasy kit (Qiagen, Valencia, CA) per the manufacturer's instructions. RNA was reverse transcribed using the SuperScript VILO cDNA synthesis kit according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). PCR primers were designed using Roche's Universal Probe Library Assay Design Center (Roche). Quantitative reverse transcription-PCR (RTqPCR) was performed on a LightCycler 480 system using LightCycler 480 probes master (Roche, Penzberg, Germany). All data are presented as a relative quantification with efficiency correction based on the relative expression of target gene versus glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the invariant control. The N-fold differential mRNA expression of genes in samples was expressed as 2
⌬⌬CT . Primers used in this study were the following: DENV2 (probe 5) forward, 5=-ATCCTCC TATGGTACGCACAAA-3=; reverse, 5=-CTCCAGTATTATTGAAGCTG CTATCC-3=; GAPDH (probe 60) forward, 5=-AGCCACATCGCTCAGA CAC-3=; reverse, 5=-GCCCAATACGACCAAATCC-3=; IFNA2 (probe 49) forward, 5=-AATGGCCTTGACCTTTGCTT-3=; reverse, 5=-CACAGAGC AGCTTGACTTGC-3=; IFNAR1 (probe 65) forward, 5=-ATTTACACCA TTTCGCAAAGC-3=; reverse, 5=-CACTATTGCCTTATCTTCAGCTTC TA-3=; IFNAR2 (probe 87) forward, 5=-TAGCCTCCCCAAAGTCTTGA-3=; reverse, 5=-AAATGACCTCCACCATATCCA-3=; IFNB1 (probe 20) forward, 5=-CTTTGCTATTTTCAGACAAGATTCA-3=; reverse, 5=-GCC AGGAGGTTCTCAACAAT-3=; ILA (probe 66) forward, 5=-TGACGCCC TCAATCAAAGTA-3=; reverse, 5=-TGACTTATAAGCACCCATGTCAA-3=; IL-6 (probe 7) forward, 5=-CAGGAGCCCAGCTATGAACT-3=; reverse, 5=-GAAGGCAGCAGGCAACAC-3=; IL28RA (probe 12) forward, 5=-CCCCCACTGGATCTGAAGTA-3=; reverse, 5=-GAGTGACTG GAAATAGGGTCTTG-3=; IL-29 (probe 75) forward, 5=-CCTGAGGCTT CTCCAGGTG-3=; reverse, 5=-CCAGGACCTTCAGCGTCA-3=; TNFA (probe 79) forward, 5=-GACAAGCCTGTAGCCCATGT-3=; reverse, 5=-T CTCAGCTCCACGCCATT-3=.
RNA isolation, denaturing agarose electrophoresis, and in-gel hybridization. CHIKV RNA isolation and analysis were performed essentially as described previously (42) . Briefly, total RNA was isolated by lysis in 20 mM Tris-HCl (pH 7.4), 100 mM LiCl, 2 mM EDTA, 5 mM dithiothreitol (DTT), 5% (wt/vol) lithium dodecyl sulfate, and 100 g/ml pro-teinase K. After acid phenol (Ambion) extraction, RNA was precipitated with isopropanol, washed with 75% ethanol, and dissolved in 1 mM sodium citrate (pH 6.4). RNA samples were separated in 1.5% denaturing formaldehyde-agarose gels using the morpholinepropanesulfonic acid (MOPS) buffer system. RNA molecules were detected by direct hybridization of the dried gel with 32 P-labeled oligonucleotides. CHIKV genomic and subgenomic RNAs (sgRNAs) were visualized with probe CHIKV-hyb4 (5=-TGTGGGTTCGGAGAATCGTGGAAG AGTT-3=), and negative-stranded RNA was detected with probe CHIKV-hyb2 (5=-AACCCATCATGGATCCTGTGTACGTGGA-3=). Probes (10 pmol) were labeled with 10 Ci [␥-
32 P]ATP (PerkinElmer). Prehybridization (1 h) and hybridization (overnight) were done at 55°C in 5ϫ SSPE (0.9 M NaCl, 50 mM NaH 2 PO 4 , 5 mM EDTA, pH 7.4), 5ϫ Denhardt's solution, 0.05% SDS, and 0.1 mg/ml homomix I. Storage Phosphor screens were exposed to hybridized gels and scanned with a Typhoon-9410 scanner (GE Healthcare), and data were quantified with Quantity One v4.5.1 (Bio-Rad).
Statistical analysis. Values were expressed as the means Ϯ standard errors of the means (SEM), and statistical analysis was performed with Microsoft Excel using an unpaired, two-tailed Student's t test to determine significance. Differences were considered significant at P Ͻ 0.05.
RESULTS
5=pppRNA inhibits DENV infection. To determine the capacity of the 5=pppRNA RIG-I agonist to induce a protective antiviral response to DENV infection, A549 cells were challenged with DENV at different multiplicities of infection (MOI); infection and replication were monitored by flow cytometry, RT-qPCR, plaque assay, and immunoblotting ( Fig. 1A to F) . DENV established infection in A549 cells which was completely abrogated in cells pretreated with 1 ng/ml of 5=pppRNA (Fig. 1A) . A similar antiviral effect was observed at higher concentrations of 5=pppRNA (10 ng/ml). Importantly, the antiviral effect was strictly dependent on the 5=ppp moiety, as transfection of cells with the identical RNA sequence lacking the 5=ppp did not prevent DENV infection (Fig.  1B) . Pretreatment of cells with 5=pppRNA also led to an 8.5-fold decrease in DENV RNA synthesis (Fig. 1C) . Release of infectious DENV was completely suppressed by 5=pppRNA treatment (4.3 ϫ 10 6 PFU/ml in untreated cells versus undetectable in 5=pppRNA-treated cells) (Fig. 1D ), leading to a complete inhibition of DENV E protein expression (Fig. 1D, lane 3) . To compare the effect of 5=pppRNA to that of the dsRNA ligand poly(I·C), A549 cells were pretreated with 5=pppRNA or poly(I·C) (0.1 to 1 ng/ml) and subsequently challenged with DENV (Fig. 1E) . Treatment with 1 ng/ml of 5=pppRNA almost completely suppressed DENV infection, whereas at the same concentration, only a 1.8-fold decrease of the number of DENV-infected cells was observed upon poly(I·C) treatment (Fig. 1E) . Cytosolic delivery of dsRNA by transfection was required in A549 cells, as demonstrated by the absence of a protective antiviral effect in cells in medium to which 5 g/ml of 5=pppRNA or poly(I·C) had just been added (Fig. 1E) . To determine whether pretreatment with 5=pppRNA maintained a protective effect, A549 cells were transfected with 5=pppRNA prior to DENV challenge and the virus was allowed to replicate up to 72 h p.i. (Fig. 1F) . The combination treatment completely inhibited DENV infection at all time points for up to 72 h p.i. (Fig.  1F) . The viability of uninfected cells and cells protected from infection by 5=pppRNA was indistinguishable (Fig. 1G) . Altogether, these results demonstrate the antiviral potential of 5=pppRNA against DENV infection in nonimmune cells.
To assess the potential of 5=pppRNA as a postinfection treatment, A549 cells were first infected with DENV, subsequently treated with the RIG-I agonist at 4 h and 8 h after infection, and analyzed 48 h later to detect DENV infection. Interestingly, infection was almost completely inhibited even when cells were treated at 8 h p.i., as shown by the 12.4-fold reduction of the number of DENV-infected cells ( Fig. 2A) . This suggests that as DENV replicates over time, 5=pppRNA prevents further spread of the virus by protecting uninfected cells and clearing virus from infected cells. The observed effects of 5=pppRNA on DENV infection were confirmed by RT-qPCR, yielding a 3.6-fold (ϩ4 h) and 10.8-fold (ϩ8 h) decrease in DENV viral RNA levels at 48 h p.i. (Fig. 2B) . Cell viability was not significantly affected by a 24-h 5=pppRNA treatment, and an ϳ20% decrease in viability was observed at 48 h p.i. in cells protected from infection by 5=pppRNA (Fig. 2C and D) .
To investigate the antiviral response triggered by 5=pppRNA, various signaling parameters were monitored by immunoblotting and RT-qPCR in cells treated with increasing doses of 5=pppRNA in the presence or absence of DENV infection ( Fig. 2E and  F) . Interferon signaling was detected by immunoblotting in 5=pppRNA-treated cells, both in the presence or absence of DENV, as demonstrated by increased STAT1 Tyr701 phosphorylation and ISG expression of STAT1, RIG-I, and IFIT1 (Fig. 2E , lanes 2 to 8). Although DENV can evade the host innate response (44-46), we did not observe a significant inhibition of IFN signaling based on the expression of antiviral markers STAT1, RIG-I, and IFIT1 in infected or uninfected cells (Fig. 2E, lanes 2 to 8) . 5=pppRNA treatment elicited a strong antiviral response in uninfected and DENV-infected A549 cells (Fig. 2E) , and delivery of 5=pppRNA at 4 h p.i. potently stimulated type I IFN and inflammatory responses via the upregulation of genes, such as those of IFN-␣, IFN-␤, IL-6, and IL-1␣ (Fig. 2F) .
5=pppRNA-restricted DENV infection requires an intact RIG-I pathway. Introduction of RIG-I siRNA (10 and 30 pmol) into A549 cells severely reduced RIG-I as well as IFIT1 induction in response to 5=pppRNA treatment (Fig. 3A, lanes 5 to 8) . Induction of the type I and type III IFNs, as well as the inflammatory response, were all dependent on intact RIG-I signaling, since the mRNA levels of IFN-␤, IFN-␣, IL-29, and tumor necrosis factor alpha (TNF-␣) were drastically decreased in the absence of a functional RIG-I sensor (Fig. 3B) . To explore the respective involvement of RIG-I, TLR3, and MDA5 in the 5=pppRNA-mediated anti-DENV effect, the expression of these immune sensors was knocked down in A549 cells by siRNA (Fig. 3C) . While impairing RIG-I expression completely suppressed the 5=pppRNA-mediated antiviral effect, this was not the case upon knockdown of TLR3/MDA5 (Fig. 3C) . The efficacy of poly(I·C) in preventing DENV infection was reduced to a larger extent in the absence of TLR3/MDA5 than in the absence of RIG-I, suggesting a predominant role for TLR3/MDA5 in mediating poly(I·C) antiviral effect in A549 cells (Fig. 3C) . To demonstrate that the antiviral activity of 5=pppRNA against DENV relies on a functional RIG-I axis, the expression of RIG-I, STING, MAVS, and TBK1 was depleted in A549 cells using specific siRNAs. In addition, suitable knockout MEFs were used (Fig. 3D to F) . Following 5=pppRNA treatment, DENV viral replication was assessed by flow cytometry. Whereas ϳ35% of A549 cells were infected with DENV in the untreated population, the absence of RIG-I led to an ϳ1.5-fold increase in the number of infected cells (Fig. 3D) . Transient knockdown of RIG-I resulted in the abrogation of the protective response induced by 5=pppRNA in control cells (Fig. 3D) , whereas the absence of STING did not affect DENV infection and did not significantly reduce the 5=pppRNA-induced antiviral response (Fig. 3D) . Similar results were observed with A549 cells depleted for the mitochondrial adaptor MAVS; depletion of MAVS strongly reduced the 5=pppRNA-mediated protective antiviral response (Fig. 3E) . Finally, TBK1-deficient MEFs were more susceptible to DENV infection than wild-type MEFs and were not responsive to the 5=pppRNA treatment, as demonstrated by the high level of DENV infection (Fig. 3F ). In conclusion, 5=pppRNA treatment efficiently generates a RIG-I/MAVS/TBK1-dependent antiviral response that limits DENV infection in vitro. 5=pppRNA generates an IRF3-dependent and IFNAR/STAT1-independent antiviral protective effect. To determine whether the potent RIG-I activation could compensate for the type I and type III IFN response, expression of the type I IFN receptor (IFN-␣/ ␤R) as well as the type III IFN receptor (IL-28R plus IL-10R␤) was knocked down using siRNA in A549 cells (Fig. 4A to C) . Expression of both type I and III IFN receptor was efficiently reduced, as shown by the downregulation of IFNAR1 (IFN-␣/␤R ␣ chain), (Fig. 4B, lanes 2 and 3 versus lanes 8 and 9) . Interestingly, induction of IFIT1 but not RIG-I was only partially reduced following 5=pppRNA treatment in the absence of type I IFN receptor (1.6-fold reduction of IFIT1 versus siCTRL; Fig. 4B , lane 2 versus lane 5), suggesting that certain ISGs were upregulated by 5=pppRNA in an IFN-independent manner. Knocking down expression of both type I and type III IFN receptors did not limit IFIT1 induction by 5=pppRNA, as the increase of IFIT1 was only reduced 1.9 times compared to the siRNA control (Fig. 4B) . This type I and III IFN-independent activation of the innate system was sufficient to suppress DENV infection in A549 cells stimulated with a higher (10 ng/ml) but not a low dose (0.1 to 1 ng/ml) of 5=pppRNA (Fig. 4C) . To further confirm that type I IFN signaling was not necessarily required to mediate an immune response to 5=pppRNA, STAT1 was depleted in A549 cells using siRNA (Fig. 4D, lanes 5 to 8) . The increased expression of IFIT1 following 5=pppRNA treatment was not impacted by the absence of the STAT1 transcription factor (Fig. 4D, lanes 2 to 4 versus lanes 6 to  8) . The STAT1-independent induction of the antiviral response was sufficient to block DENV infection in A549 cells stimulated with a high 5=pppRNA concentration (Fig. 4E) . Finally, to determine which IRF transcription factor downstream of RIG-I was involved in the antiviral protective effect, IRF1, IRF3, and IRF7 expression was knocked down using siRNA (Fig. 4F) . Depletion of these different transcription factors was highly efficient, as shown in Fig. 4F . Only IRF3 knockdown resulted in inhibition of the protective antiviral response generated by 5=pppRNA treatment. Indeed, the absence of either IRF1 or IRF7 did not impair 5=pppRNA-mediated antiviral protection (Fig. 4G) . Altogether, these data demonstrate that the 5=pppRNA-mediated anti-DENV effect in vitro is largely independent of the type I or type III IFN responses but requires the activation of a functional RIG-I/IRF3 axis to mediate its protective effect.
A protective antiviral response against DENV in primary human myeloid cells. Cells of the myeloid lineage, including monocyte/macrophages and dendritic cells, are the primary target cells for DENV infection among human peripheral blood mononuclear immune cells (47, 48) . Severe and potentially lethal manifestations associated with secondary DENV infection are often related to antibody-dependent enhancement (ADE) of infection (36) (37) (38) . To address the impact of 5=pppRNA on ADE-mediated DENV infection, we demonstrated, using isolated human monocytes, that anti-DENV E 4G2 antibody increased DENV infectivity from 16.4% to 24.4% (Fig. 5A) , whereas a control isotype IgG2a antibody did not significantly increase viral infectivity (Fig. 5A) . Both primary and ADE DENV infections were completely suppressed by 5=pppRNA treatment (16.4% and 24.4% in untreated cells versus 0.1% and 0.3% in 5=pppRNA-treated cells, respectively). Similarly, in primary human MDDC, which are highly permissive to DENV, infection decreased 8.4-fold in the presence of 5=pppRNA in combination with Lyovec (Fig. 5B) , and cell viability was not affected by increasing concentrations of 5=pppRNA (Fig. 5C ). MDDC treated with 5=pppRNA at 4 h p.i. were assessed for markers of activation of the innate immune response (Fig.  5D ). Increased levels of phosphorylated IRF3 and STAT1 were observed, and a 2-to 10-fold increase in the expression of ISGs RIG-I and IFIT1 following 5=pppRNA treatment were observed (Fig. 5D, lane 2) . A similar response was observed with DENV infection alone (Fig. 5D, lane 3) . The innate DNA sensor STING was previously shown to be cleaved and inactivated by DENV NS2/3 protease (44); in the current experiments, STING expres- Ϫ MDDCs were challenged with DENV (MOI, 10) for 4 h, followed by transfection with 5=pppRNA (100 ng/ml) and incubation for an additional 20 h. Data represent the means Ϯ SEM of an experiment performed in triplicate. *, P Ͻ 0.05. (C) Cell viability was assessed by flow cytometry on CD14
Ϫ MDDC and determined 24 h after 5=pppRNA treatment (10 to 500 ng/ml) in the presence of Lyovec. Data are the means Ϯ SEM of a representative experiment performed in triplicate. (D) CD14
Ϫ MDDCs were challenged with DENV (MOI, 10) for 4 h and then were treated with 5=pppRNA (100 ng/ml) for an additional 20 h. WCEs were resolved by SDS-PAGE and analyzed by immunoblotting for phospo-IRF3, IRF3, phospho-STAT1, STAT1, IFIT1, RIG-I, STING, and ␤-actin. Results are from one representative experiment that was repeated once. sion was not modulated by 5=pppRNA or DENV infection alone (Fig. 5D, lane 2 and 3) . Also, postinfection treatment with 5=pppRNA moderately increased the levels of the following markers of the innate immune response compared to virus alone: phospho-STAT1 (3-fold increase), STAT1 (1.4-fold increase), IFIT1 (1.3-fold increase), and RIG-I (1.3-fold increase) (Fig. 5D, lanes 3  and 4) . Surprisingly, 5=pppRNA did not further increase the level of phospho-IRF3 compared to DENV infection alone (Fig. 5D,  lane 3 and 4) , an observation that is in part attributable to the early and transient kinetics of IRF3 phosphorylation. These data demonstrate that RIG-I activation by 5=pppRNA triggers an immune response capable of inhibiting DENV in both primary and ADE models of infection.
5=pppRNA treatment inhibits CHIKV replication in a RIG-I-dependent manner. To explore the potential of the 5=pppRNA agonist to prevent CHIKV infection, human fibroblast MRC-5 cells were pretreated with increasing concentrations of 5=pppRNA prior to challenge with a CHIKV LS3-GFP reporter virus (Fig. 6A) . CHIKV replication was strongly inhibited in a dose-dependent manner in cells treated with 5=pppRNA 1 h prior to infection (Fig. 6A) ; as little as 1 ng/ml completely blocked CHIKV EGFP reporter gene expression, and the 5=pppRNA concentration required to completely block CHIKV replication in MRC-5 cells was 10-fold lower than that required to inhibit DENV in A549 cells. It is currently unclear whether this is due to virus-specific immune evasion or cell type-specific differences, as CHIKV does not replicate in A549 cells. Also, introduction of control RNA lacking the 5= triphosphate moiety only led to a minor reduction of GFP reporter gene expression in CHIKV LS3-GFP-infected cells (Fig. 6A) . Cell viability, monitored in parallel, was not significantly affected by transfection of either 5=pppRNA or control RNA lacking the 5= triphosphate (Fig. 6B) . Analysis of intracellular RNA of CHIKV-infected cells pretreated with 5=pppRNA or control RNA showed that treatment with 0.1 ng/ml 5=pppRNA reduced CHIKV positive-and negative-strand RNA accumulation to minimally detectable levels (Fig. 6C) , and at higher doses of 5=pppRNA viral RNA was undetectable. Transfection of cells with control RNA prior to infection had no significant effect on the accumulation of CHIKV RNA (Fig. 6C) . To determine the effect of RIG-I agonist treatment on the expression of CHIKV nonstructural proteins (translated from genomic RNA) and structural proteins (translated from the sgRNA), cells were pretreated with 5=pppRNA or control RNA and infected with CHIKV, and nsP1 and E2 expression was analyzed by Western blotting (Fig. 6D) . Transfection of 0.1 ng/ml 5=pppRNA led to a 4-fold reduction in nsP1 expression and an 8-fold reduction in E2 expression. Higher doses of 5=pppRNA reduced nsP1 and E2 expression over 30-fold (Fig. 6D) . Transfection of control RNA lacking the 5= triphosphate had no noticeable effect on CHIKV protein expression (Fig. 6D) . Finally, the effect of 5=pppRNA treatment on the production of infectious progeny was determined. Compared to untreated cells, transfection of MRC-5 cells with 0.1 ng/ml of 5=pppRNA 1 h prior to CHIKV infection led to an ϳ1 log reduction in virus titer, while transfection with 1 ng/ml and 10 ng/ml 5=pppRNA reduced viral progeny titers by ϳ2 and ϳ3 logs, respectively (Fig. 6E) . Transfection of control RNA lacking the 5= triphosphate did not significantly affect CHIKV progeny titers (Fig. 6E) .
To determine which innate immune pathways are involved in the 5=pppRNA-mediated inhibition of CHIKV replication, several key proteins of the IFN signaling pathway (RIG-I, STAT1, and STING) were depleted in MRC-5 cells using siRNAs. Knockdown levels were assessed by Western blotting (Fig. 6G) . Subsequently, cells depleted for RIG-I, STAT1, or STING were treated with 5=pppRNA and infected 1 h later with CHIKV LS3-GFP (Fig. 6F) . CHIKV-driven GFP reporter gene activity was reduced to almost background levels in 5=pppRNA-treated cells that were depleted for STAT1 and STING, suggesting these proteins are not involved in the 5=pppRNA-mediated antiviral response to CHIKV. In contrast, CHIKV replication was observed in cells depleted of RIG-I and treated with 5=pppRNA, although EGFP reporter gene expression was ϳ30% of that in untreated cells transfected with scrambled (or RIG-I-targeting) siRNAs (Fig. 6F) . This partial recovery of replication might be due to incomplete knockdown of RIG-I in a fraction of the cells and/or paracrine IFN signaling of those cells, which could affect CHIKV replication of RIG-I-depleted cells. CHIKV replication in cells depleted for RIG-I, STAT1, or STING, but not treated with 5=pppRNA, was similar or slightly increased compared to that of cells transfected with a scrambled control siRNA. In parallel, the siRNA-treated cells were transfected with 1 ng/ml 5=pppRNA, and 24 h later the IFN signaling response was analyzed by monitoring the upregulation of IFITI or STAT1 (Fig. 6G) . Knockdown of RIG-I expression resulted in a strong reduction of 5=pppRNA-induced IFITI upregulation, whereas the 5=pppRNA-induced upregulation of IFITI was not affected by STAT1 depletion. siRNA-mediated knockdown of STING also did not block the 5=pppRNA-induced upregulation of STAT1, indicating that STAT1 and STING are dispensable for the response to 5=pppRNA, whereas RIG-I is required.
Postinfection treatment with 5=pppRNA inhibits CHIKV replication and stimulates the RIG-I pathway in both uninfected and CHIKV-infected cells. To explore the antiviral potential of 5=pppRNA against CHIKV, MRC-5 cells were first infected with CHIKV LS3-GFP at an MOI of 0.1, followed by transfection with 5=pppRNA (1 ng/ml) or control RNA at several time points postinfection. Measurement of EGFP expression by the reporter virus in infected MRC-5 cells that were fixed at 24 h p.i. indicated that treatment with 5=pppRNA at 1 or 3 h p.i. reduced reporter gene expression to less than 20% of that in untreated infected control cells (Fig. 7A) . Even when treatment was initiated as late as 5 h p.i., a more than 50% reduction in EGFP expression was observed (Fig. 7A) . Transfection of control RNA merely led to an ϳ20% reduction in EGFP reporter gene expression, largely independent of the time of addition. Postinfection treatment of CHIKV-infected cells with 5=pppRNA also reduced viral progeny titers at 24 h p.i., depending on the time of addition (Fig. 7B) . CHIKV titers in the medium of untreated infected cells were 6 ϫ 10 6 PFU/ml at 24 h p.i., while treatment from 1 h p.i. onward led to a more than 2-log reduction in infectious progeny, i.e., 5 ϫ 10 4 PFU/ml. When treatment was initiated at 3, 5, or 8 h p.i., CHIKV titers of 2 ϫ 10 5 , 7 ϫ 10
5
, and 1 ϫ 10 6 , respectively, were measured at 24 h p.i. Transfection of CHIKV-infected cells with control RNA resulted in a less than 1-log reduction in infectious progeny titer (Fig. 7B) .
To assess the activation of the RIG-I signaling pathway in MRC-5 cells after 5=pppRNA treatment in the presence or absence of CHIKV infection, the expression levels of STAT1, RIG-I, and IFIT1 were analyzed by immunoblotting (Fig. 7C) . Both in mockinfected and CHIKV-infected cells, transfection of 0.1 ng/ml 5=pppRNA induced a strong upregulation of STAT1, RIG-I, and IFITI (Fig. 7C) , an effect that was more pronounced with treatment of 1 or 10 ng/ml of 5=pppRNA. In contrast, introduction of control RNA had no effect on expression of these proteins. CHIKV infection alone did not lead to increased STAT1, RIG-I, and IFIT1 expression, and CHIKV infection did not inhibit the 5=pppRNA-induced upregulation of RIG-I or downstream IFN signaling (Fig. 7C) .
DISCUSSION
The absence of directly acting antivirals and registered vaccines for the treatment of important human pathogens, such as DENV and CHIKV, has emphasized the need for the development of therapeutic strategies. Initiated within minutes of virus binding to tar- get cells, the innate immune response is the first natural barrier against viral infection. The innate response triggers an array of protective processes, resulting in the production of antiviral effectors and the induction of adaptive immune responses (1) (2) (3) (4) . Mimicking the early steps of the host antiviral response through stimulation of innate recognition receptors represents a novel therapeutic strategy for the treatment of emerging diseases, such as those caused by DENV and CHIKV.
We previously demonstrated that a 5=pppRNA derived from the 5= and 3= UTRs of VSV blocked the replication of multiple viruses both in vitro and in vivo (35) . In the present study, we further characterized the antiviral potential of 5=pppRNA and demonstrated that 5=pppRNA treatment restricted DENV and CHIKV infection in human myeloid, epithelial, and fibroblastic cells. The antiviral effect was observed when 5=pppRNA was administered both pre-and postinfection, with demonstrated inhibition of DENV and CHIKV protein expression, RNA levels, and production of infectious progeny. The in vitro protective antiviral effect was dependent on an intact RIG-I/MAVS/TBK1/IRF3 axis but largely independent of IFNAR and STAT1. The protective effect was sustained over time, as cells remained free from infection even 72 h after infection, and 5=pppRNA also blocked antibody-dependent enhancement of DENV infectivity, a phenomenon that is associated with complications and disease severity in dengue patients. The present data on the 5=pppRNA immunestimulating effect on human cells, combined with previous observations demonstrating that 5=pppRNA triggered a full range of antiviral and inflammatory responses in serum, lungs, and spleens of treated mice (35) , highlights the importance of evaluating the efficacy of RIG-I agonists as a potential immune stimulator in humans.
The type I IFN system represents an important innate antiviral response to DENV and CHIKV. Indeed, type I IFN has been shown to restrict the propagation of DENV and CHIKV in both in vitro and in vivo models. Treatment with either IFN-␣ or IFN-␤ suppressed the replication of both DENV (49) and CHIKV (50) in cell culture. Moreover, infection of mice lacking IFNAR led to a significantly higher lethality after DENV (51) or CHIKV infection (52, 53) . Among the viral RNA sensors, RIG-I, MDA5, and TLR3 are activated upon DENV infection and are essential for host defense against the virus (54) . RIG-I appears to play a major role in the response to CHIKV infection, as CHIKV-induced IFN-␤ expression was more strongly reduced in RIG-I-deficient MEFs than in those lacking MDA5 (53) . The antiviral activity of 5=pppRNA observed in previous studies has been attributed to the potent activation of inflammatory and antiviral programs driven by transcription factors such as IRF3, IRF7, STAT1, and NF-B (35) . In this study, the antiviral protective response was dependent on a functional RIG-I pathway but was largely independent of STAT signaling. We also demonstrated that 5=pppRNA treatment triggered a robust host antiviral response associated with the expression of several IFN-stimulated genes (ISGs), including RSAD2 (Viperin), IFIT, and IFITM proteins MX1 and OAS. Although hundreds of ISGs have been identified, only a few of them have been fully characterized with respect to their inhibitory function. Recently, Schoggins et al. identified a panel of broadly active antiviral molecules that facilitate inhibition of viral infection (24) , with IFITM proteins and Viperin characterized as important ISGs required for inhibition of CHIKV (55) (56) (57) . Although most of these essential antiviral genes were upregulated following RIG-I stimulation (35) , an in-depth analysis is now required to identify which IRF3-driven ISGs mediate the 5=pppRNA antiviral effect observed against DENV and CHIKV infection in vitro.
Poly(I·C), another dsRNA innate immune stimulator, has been extensively studied in vitro and in vivo and has demonstrated a broad range of efficacy against many viral infections, including those by DENV and CHIKV (30, 31, (58) (59) (60) (61) . In vitro studies have shown that the poly(I·C)-mediated DENV antiviral response was dependent primarily on IFN-␤ induction and was reversed by IKK inhibitors (31) . Poly(I·C), in combination with TLR7/8 agonists, not only prevented DENV infection in vitro but also decreased DENV viremia in vivo through increased inflammatory and humoral responses (31, 60) . The immune response generated by poly(I·C) was previously evaluated in a phase 1 clinical trial with healthy volunteers, and whole-genome transcriptional analysis of peripheral blood mononuclear cells demonstrated upregulation of genes involved in multiple innate pathways, including antiviral and inflammasome signaling (62) . This observation underscores the fact that synthetic dsRNA remains an attractive innate immune stimulator in humans.
Vaccination is the primary approach to prevent viral infection. Increasing the immunogenicity of vaccines with molecular immune modulators that elicit immune responses is crucial to enhance vaccine efficacy. Poly(I·C) and, more recently, 5=pppRNA have been used as adjuvants and were shown in combination with influenza vaccine to improve protection in mice (26, (63) (64) (65) . Interestingly, we observed that RIG-I activation using 5=pppRNA not only induced antiviral effectors but also mobilized cytokines and chemokines involved in trafficking processes of immune cells, including CXCL10, CCL5, and CCL3. The proinflammatory cytokine IL-6, which was potentiated by the 5=pppRNA treatment, also is crucial to maintain and potentiate CD8 ϩ T cell survival and killing in vivo (66) . A significant type III IFN response was observed in cells challenged with 5=pppRNA. Recent studies have shown that type I and III IFNs activate similar components of the JAK-STAT pathways, although type III IFNs induced a delayed and stronger induction of ISGs than type I IFNs (67). We did not find a significant antiviral role for type III IFN in DENV-infected A549 cells, although the induction of type III IFN may have biological relevance in vivo by bridging the innate and adaptive immune responses. Indeed, IL-28A stimulation presented antiviral immunostimulatory effects by increasing the total number of lymphocytes and CD4 ϩ T cells in lung lymphocyte preparations of vaccinia virus-infected mice (68) . The present study demonstrates the antiviral effect of 5=pppRNA but also suggests new perspectives on the use of RIG-I agonists as vaccine adjuvants in the context of DENV and CHIKV infection.
Taken together, our study provides compelling evidence that stimulation of the natural host defense with 5=pppRNA represents a valuable alternative strategy to conventional antiviral drugs directed against specific viral targets. RIG-I activation mimics and stimulates evolutionarily conserved immune responses to infection and induces multiple antiviral factors that block viral infection at different steps, reducing the possible development of antiviral resistance. These novel approaches to boost host antiviral innate and inflammatory immune responses are broad spectrum in nature rather than virus specific. Such a broadly acting antiviral molecule may be desirable in tropical areas where the population is exposed to multiple pathogens, e.g., where both DENV and CHIKV are endemic and cause coinfections and where the facilities for (differential) diagnosis are limited.
